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ABSTRACT 
The t r a n s i e n t  f low g e n e r a t e d  by a  p u l s e d ,  megawat t - level ,  gas-f ed 
a r c  w i t h  an  a p p l i e d  magnet ic  n o z z l e  h a s  been examined w i t h  a  new d e s i g n  
p i e z o e l e c t r i c  p r e s s u r e  t r a n s d u c e r .  Sensor  the rmal  conduc t ion  and a c c e l -  
e r a t i o n s  have been examined and e l i m i n a t e d  i n  t h e  500 vsec  p e r i o d  of 
plasma flow. E x i s t e n c e  of a l a r g e  magnitude c o l d  gas  p r e s s u r e  f r o n t  of 
20 usec d u r a t i o n  h a s  been reconf i rmed and i t s  r e l a t i o n s h i p  t o  t h e  fol low- 
i n g  plasma f l o w  of  about  200 v s e c  d u r a t i o n  has  been examined f o r  t h e  
f i r s t  t ime ,  At a p o i n t  30 cm from t h e  a r c  s o u r c e ,  i n i t i a l l y  n e a r  vacuum 
c o n d i t i o n s  ( t y p i c a l l y  w i t h  an  a r c  c u r r e n t  of 11.2 kA and 1 t e s l a  a p p l i e d  
m a  n e t i c  f i e l d ' ) ,  a p r e s s u r e  p u l s e  of un ion ized  gas  w i t h  a magni tude of 2 10 ~ / r n ~  is fo l lowed  by plasma f lows  w i t h  n e a r l y  c o n s t a n t  impact  p r e s s u r e  
of 303 N J ~ ~ ,  P r e s s u r e  and number d e n s i t y  i n  t h i s  plasma r e g i o n  a r e  s e e n  
t o  d e c r e a s e  w i t h  a p p l i e d  magnet ic  f i e l d  s t r e n g t h .  With e l e c t r o n  d e n s i t y  
d e r i v e d  from Thomson s c a t t e r i n g  measurements ( lo2'  mm3) plasma f low ve- 
l o c i t i e s  on t h e  o r d e r  of 5 x 1 0 ~  m/sec a r e  c a l c u l a t e d .  
INTRODUCTION 
The mechanisms invo lved  i n  megawatt l e v e l  c u r r e n t  conduc t ion  i n  
g a s e s ,  t h e  a c c e l e r a t i o n  of plasma, and t h e  i d e n t i f i c a t i o n  of dominant 
energy t r a n s f e r  mechanisms a r e  n o t  w e l l  unders tood.  E a r l i e r  works have 
d e s c r i b e d  t h e  dynamic t e r m i n a l  c h a r a c t e r i s t i c s  o f  a  p u l s e d ,  high-power 
gas  f e d  ,arc sys tem ( r e f .  I ) ,  and t h e  i n i t i a l  examinat ion of t h e  exhaus t  
f low f i e l d  c h a r a c t e r i s t i c s  ( r e f .  2) w i t h  Thomson s c a t t e r i n g  l a s e r  d iag-  
n o s i s .  A more comprehensive review of t h e  a r c / f l o w  problem was p r e s e n t e d  
a t  a Lewis Research Cente r  confe rence  ( r e f ,  3 ) ,  More r e c e n t l y ,  an  a t -  
t emp t  a t  d e f i n i n g  plasma exhaus t  f low p r o p e r t i e s  w i t h  a momentum s e n s i -  
t i v e  p r e s s u r e  t r a n s d u c e r  r e s u l t e d  i n  a d e s c r i p t i o n  of t h e  e a r l y  temporal  
behav ior  o f  t h e  d i s c h a r g e  which i s  dominated by a p r e s s u r e  p u l s e  of l a r g e  
ampl i tude ( r e f .  4 ) .  From r e f e r e n c e  4  t h e  sequence o f  e v e n t s  a t  a g i v e n  
s t a t i o n  i n  t h e  exhaus t  f o r  a  s i n g l e  s h o t  megawatt-level  a r c  s o u r c e  i s :  
( a )  Exhaust  l i g h t  a r r i v e s .  
(b) A£ter a few microseconds,  a  narrow (20 microseconds wide) t o t a l  
p r e s s u r e  p u l s e  of n e u t r a l  gas  p a s s e s .  
( r a )  Arc c u r r e n t  s h e e t  (plume) arrives t e n s  of microseconds l a t e r ,  
and a t  t h e  same t ime t h a t  plasma is f i r s t  d e t e c t e d .  
( d l  A f lowing  plasma is  n o t e d ,  
D e t a i l s  of t h e  e x h a u s t  f low a f t e r  t h e  passage  of t h e  narrow n e u t r a l  g a s  
p u l s e  ( i t e m  (b) above) were  n o t  measurable  because  o f  i n s t r u m e n t  l i m i t a -  
t lorrs a f t e r  about a 50 psec  p e r i o d .  The p r e s e n t  work i s  an  e x t e n s i o n  of 
the e f f o r t  d e s c r i b e d  i n  r e f e r e n c e  4 and i s  aimed a t  d iagnos ing  t h e  ex- 
h a u s t  f low f o r  t i m e s  comparable t o  t h e  d u r a t i o n  of a r c  power (-500 p s e c ) .  
A new probe i n c o r p o r a t i n g  a b u i l t - i n  a c c e l e r o m e t e r  and having h i g h e r  
s e n s i t i v i t y  was developed ( r e f .  5) f o r  t h i s  r e s e a r c h .  
I n  o r d e r  t o  deduce o t h e r  p r o p e r t i e s  of t h e  e x h a u s t ,  t h e  plasma pres -  
s u r e  dat 'a  of t h i s  r e p o r t  is combined w i t h  t h e  number d e n s i t y  d a t a  of 
r e f e r e n c e  6 .  
I n  t h i s  paper ,  t h e  r e s u l t s  o f  t r a n s i e n t  p r e s s u r e  measurements i n  
t h e  exhaus t  f o r  t h e  t ime p e r i o d  of t h e  power c y c l e  (-500 psec)  a r e  pre-  
s e n t e d ,  The t ime  v a r y i n g  p r e s s u r e  a t  one p o i n t  i n  t h e  exhaus t  is  d i s -  
cussed and t h e  e a r l i e r  d a t a  on f r o n t  b e h a v i o r  is  r e l a t e d  t o  t h e  f o l l o w i n g  
quas i - s t eady  plasma f low.  A t t e n t i o n  i s  focused  on exhaus t  measurements 
b o t h  w i t h  and w i t h o u t  an a p p l i e d  d i v e r g i n g  a x i a l  magnet ic  f i e l d .  
APPARATUS 
C a p a c i t o r  Bank 
The a r c  was e n e r g i z e d  by a  1 0  k i l o j o u l e  c a p a c i t o r  bank. Details of 
t h e  c a p a c i t o r  bank a r e  d e s c r i b e d  i n  r e f e r e n c e  2.  A f t e r  t h e  bank s w i t c h  
was c l o s e d ,  a r e  c u r r e n t  was a l lowed t o  develop t o  i ts  peak v a l u e .  Then 
(21  , i sec  a f t e r  bank f i r i n g  t ime)  a crowbar s w i t c h  was c l o s e d ,  f o r c i n g  
c u r r e n t  t o  decay monotonically w i t h  t ime ,  The L / R  decay t ime  ranged 
from 250 t o  350 microseconds depending on a r c  r e s i s t a n c e ,  T h i s  a l lowed 
an almost l i n e a r  decay of a r c  c u r r e n t  f o r  500 microseconds a f t e r  crow- 
b a r r i n g  t i m e .  It i s  d u r i n g  t h i s  t i m e  t h a t  t h e  d a t a  was g a t h e r e d ,  Typi- 
cal. vo l t a .ge -cur ren t  waveshapes f o r  t h e  two-peak c u r r e n t  c a s e s  i n v e s t f -  
g a t e d  (11.2  and 20.0 kA) a r e  shown i n  f i g u r e  1 f o r  t h e  t h r e e  v a l u e s  of 
a u x i l i a r y  magne t ic  f i e l d  ( 0 ,  1, and 2 T) . 
Arc Chamber System 
A c r o s s - s e c t i o n a l  view of t h e  a r c  chamber i s  shown i n  f i g u r e  2. A 
superconduc t ing  magnet i s  used t o  supp ly  an  a u x i l i a r y  magne t ic  f i e l d  a t  
t h e  a r c  chamber which can be  v a r i e d  from 0  t o  2.0 T.  An i r o n  f i l i n g s  map 
of the  magnet ic  f i e l d  is  a l s o  shown. The ca thode  i s  a  t u n g s t e n  r i b b o n  
measur ing l s m  wide ,  2  cm l o n g ,  and 1 mrn t h i c k .  The anode is  a  4 , 2  cm 
i n s i d e  d iamete r  copper r i n g .  
Ni t rogen  gas  was i n t r o d u c e d  i n t o  t h e  a r c  chamber by a h i g h  speed 
gas  v a l v e  t h a t  was o p e r a t e d  by a n  e l e c t r o m a g n e t i c  a c t u a t o r .  A l l  t e s t s  
were  r u n  a t  a n i t r o g e n  f l o w  r a t e  of 7 g / s e e .  The t r a n s i e n t ,  c o l d  f l o w ,  
gas p r e s s u r e  i n  t h e  a r c  chamber was measured by a  eommercially a v a i l a b l e  
p  ~ e z o e l a c t r i c  p r e s s u r e  t r a n s d u c e r  i n  a p r e v i o u s  exper iment .  Tha t  p res -  
s u r e  and t h e  o r l f i e e  e q u a t i o n s  f o r  s t e a d y  flow were  used t o  c a l c u l a t e  t h e  
mass f low rate Tor a l l  t h e  t e s t s  of t h n s  r e p o r t .  From t h e  t r a n s i e n t  
p r e s s u r e  r e c o r d s  it  was found t h a t  s t a b l e  f l o w  o c c u r r e d  a f t e r  650 micro- 
seccunds. The a r c  was s t a r t e d  a t  t h a t  t i m e ,  T h e r e a f t e r ,  t h e  t r a n s i e n t  
plasma f lows  f o r  a few hundred microseconds i n t o  t h e  evacuated g l a s s w a r e  
s e c t  i on ,  
A sequence c o n t r o l l e r  a c t u a t e s  gas  puff  i n j e c t i o n ,  d e l a y  f o r  gas  
d i s  t r i b u k i o n ,  bank s w i t c h  c l o s u r e ,  crowbar s w i t c h  c l o s u r e ,  and t h e n  d a t a  
g a t h e r i n g  " s t a r t "  t imes .  The system can b e  r e c y c l e d  every  f o u r  minu tes .  
I n s t r u m e n t a t i o n  
P i e z o e l e c t r i c  p r e s s u r e  probe.  - B a s i c  c o n s i d e r a t i o n s  r e l a t i n g  t o  t h e  
- 
measurement of p r e s s u r e  i n  a plasma have been  p r e v i o u s l y  r e p o r t e d  
( r e f s ,  7 and 4 ) .  A new probing u n i t  was s p e c i f i c a l l y  developed ( r e f .  5 )  
f o r  t h i s  r e s e a r c h .  The geometry of p i e z o e l e c t r i c  s e n s i n g  e lement  was 
des igned  f o r  t h e  magnitude and d u r a t i o n  o f  t h e  p r e s s u r e  s i g n a l s  a n t i c i -  
p a t e d  and used a  matched s e n s i n g  u n i t  as a  b u i l t - i n  s imul taneous  a c c e l -  
e r o m e t e r ,  Two prob ing  u n i t s  w i t h  0 - 7 5  and 1 .25  cm diam s e n s i n g  s u r f a c e s  
and 2 - 0 ,  2 , 5  cm o , d . ,  r e s p e c t i v e l y ,  were  c o n s t r u c t e d .  C a l i b r a t i o n  was 
c a r r i e d  o u t  w i t h  a s i m p l e  shock tube .  I n  b o t h  c a s e s ,  w i t h  6 f t  of  co- 
a x i a l  c a b l e ,  an o u t p u t  of 4 v o l t s  p e r  atmosphere was ach ieved ;  w i t h  a 
p a i r  of matched a m p l i f i e r s  (x lO) ,  an o u t p u t  of 40 v o l t s  p e r  a t m  r e s u l t e d ,  
In o r d e r  t o  more p r e c i s e l y  d e f i n e  t r e n d s  i n  t h e  p r e s s u r e  d a t a ,  an  e l e c -  
tronic low-pass f i l t e r  (Spectrum Analog E l e c t r o n j c  F i l t e r  Type H-18) w a s  
a t  t imes  used  f o r  t h e  0.3-inch p rob ing  u n i t  a s  i t  demonstra ted a n  a c t i v e ,  
we l l -de f ined  h i g h e r  f requency s t r e s s  o s c i l l a t i o n  a f t e r  impact of t h e  
p r e s s u r e  f r o n t ,  C o r r e c t i o n s  were  made f o r  t h e  s l i g h t  d e l a y  of t h e  f i l t e r  
( - 1 0  p s e c ) ,  
A r i g i d  mounting o f  t h e  probe s u p p o r t  f i t t i n g  and subsequen t  compar- 
i s o n  of s imul taneous  r e c o r d s  from t h e  p r e s s u r e  sensxng and b u i l t - i n  accel- -  
e romete r  u n i t s  r evea led  p r e s s u r e  s i g n a l s  an o r d e r  of magni tude h i g h e r  
than t h o s e  due t o  a c c e l e r a t i o n s ,  However, e x t r a n e o u s  s i g n a l s  due  t o  
the rmal  e f f e c t s  and p robe  h e a t i n g  proved t o  b e  s u b s t a n t i a l ,  Exper imenta l  
e v a l u a t i o n  i n d i c a t e d  t h a t  r a d i a n t  energy f l u x  from b o t h  t h e  s o u r c e  and 
l o c a l  plasma r a d i a t i o n  produced i n s i g n i f i c a n t  e f f e c t s ,  However, the rmal  
conduc t ion  t o  t h e  probe from t h e  plasma proved t o  b e  s u b s t a n t i a l ,  A 
s i n g l e  l a y e r  of v i n y l  e l e c t r i c a l  i n s u l a t i n g  t a p e  (Scotch Brand No. 22, 
3 M  Mfg, Co.) cover ing  t h e  s i d e s  and s e n s i n g  s u r f a c e  of t h e  p r o b e  e l i m i -  
n a t e d  t h e  the rmal  d r i f t  w i t h o u t  degrad ing  p r e s s u r e  s e n s i t i v i t y  o r  l i n e -  
a r i  t y of response .  
Arc v o l t a g e  and a r c  c u r r e n t .  - T r a n s i e n t  a r c  v o l t a g e  was measured 
-
w i t h  a commercially a v a i l a b l e  r e s i s t i v e - d i v i d e r  p robe ,  and a m p l i f i e r s .  
The s i g n a l  was s e n t  t o  an  o s c i l l o s c o p e  i n  a nearby s c r e e n  room. Dual- 
v o l t a g e  probes  were  used ;  one on t h e  ca thode  and one on t h e  anode,  and 
t h e i r  s i g n a l s  were  e l e c t r i c a l l y  s u b t r a c t e d  by a d i f f e r e n c e  a m p l i f i e r  and 
recorded ,  The dual-probe t e c h n i q u e  e l e c t r i c a l l y  s u b t r a c t s  t h e  unwanted 
cornxion-mode s i g n a l  p o r t i o n  from t h e  "read" v o l t a g e  s i g n a l ,  
Source  c u r r e n t  was measured by a p r e c i s i o n  dynamic c u r r e n t  t r a n s -  
f o m i e r ,  c o n d i t i o n e d ,  and recorded  on t h e  o t h e r  channe l  of t h e  o s c i l -  
loscope.  
Thomson s c a t t e r i n g  d i a g n o s t i c s .  - The t e c h n i q u e  of de te rmin ing  
- 0 
nurnk~er d e n s i t y  and e l e c t r o n  t empera tu re  from 90 Thomson s c a t t e r i n g  of a 
probing l i g h t  p u l s e  from a Q-spoiled ruby l a s e r  was employed. It i s  de- 
s c r i b e d  i n  e a r l i e r  work ( r e f .  21,  
RESULTS AND DISCUSSION 
Cold Flow T o t a l  P r e s s u r e  
The 0.3-inch d iamete r  p iezo-pressure  probe was used t o  measure "cold" 
gas f low i n  t h e  d u e t .  The p r o p e l l a n t  was i n j e c t e d  w i t h o u t  s t a r t i n g  t h e  
a r c ,  At t h e  d a t a  g a t h e r i n g  t imes  and s t a t i o n  used i n  t h i s  r e p o r t ,  t h e  
co ld  gas  p r o p e l l a n t  t o t a l  p r e s s u r e  ( f i g ,  3) i s  a n  o r d e r  of magnitude l e s s  
t h a n  t h e  measured p r e s s u r e s  f o r  t h e  powered c a s e ,  S p e c i f i c a l l y ,  a t  a r c  
i n i t i a t i o n  t ime  t h e  t o t a l  p r e s s u r e  on a x i s  a t  a d i s t a n c e  downstream frov 
2  t h e  anode f a c e  of 30 cm i s  6.0 N/m ( s e e  r e f  a 3) , Supplementary measbrt  
meats i n d i c a t e  s t a t i c  p r e s s u r e s  are approximately  one- tenth  of t h e  t o t a l  
c o l d  gas  p r e s s u r e ,  
T y p i c a l  T o t a l  P r e s s u r e  Traces  
F igure  4 shows t y p i c a l  2 - t race  o v e r l a y s  of t h e  t o t a l  p r e s s u r e  s i g n a l s  
f o r  two d i f f e r e n t  peak a r c  c u r r e n t  c a s e s ,  11.2  and 20.0 kA, Two-trace 
o v e r l a y s  were  used t o  i l l u s t r a t e  t h e  d e g r e e  of r e p e a t a b i l i t y ,  For b o t h  
c a s e s ,  t h e  p r e s s u r e  probe s i g n a l s  a l l  show one common f e e t u r e  t h e  t o t a l  
p r e s s u r e  appears  a s  an i n i t i a l  l a r g e  ampl i tude  p u l s e  ( l o 4  N / m 2 ,  20 p s e c  
2 wide) w i t h  lower and v a r y i n g  p r e s s u r e  ( l o 3  N/m ) t h e r e a f t e r  f o r  about  
200 p s e c ,  The two-t race  o v e r l a y s  a r e  shown f o r  t h r e e  a u x i l i a r y  magne t ic  
f i e l d  c a s e s  ( 0 ,  I , O ,  and 2 - 0  T ) ,  A  r i n g i n g  f requency  w i t h  a  p e r i o d  of 
L2,5 psec i s  n o t e d  i n  a l l  t h e  p r e s s u r e  t r a c e s  of f i g u r e  4, T h l s  o s c i l l a -  
t%on  is  an unwanted c r y s t a l  o s c i l l a t i o n  that h a s  n o t b e e n  comple te ly  f i l -  
t e r e d  from t h e  probe s i g n a l .  The p r e s s u r e  h i s t o r y  was o b t a i n e d  by f a i r -  
i n g  curves  through t h e s e  o s c i l l a t i o n s  i n  t h e  t r a c e s .  For  i n s t a n c e ,  a t  
t = 225 s e c  f o r  t h e  B = 0 c a s e ,  t h e  plasma t o t a l  p r e s s u r e  is  about  ! 3000 N / m  f o r  1 1 . 2  kA peak c u r r e n t ,  and 6000 ~ / m ~  f o r  t h e  cor responding  
20 kA peak c u r r e n t  c a s e .  These averaged v a l u e s  were  used i n  t h e  fol low- 
i n g  s e c t i o n  t o  de te rmine  a  f low v e l o c i t y  f o r  each c a s e .  
Flow e f f e c t s .  - The p r e s s u r e  h i s t o r y  a t  a  g iven  a x i a l  and r a d i a l  
p o s i t i o r l  i n  t h e  exhaus t  f low of a gas  f e d  a r c  a s  p r e s e n t e d  above adds 
s e v e r a l  new p i e c e s  of i n f o r m a t i o n  t o  p r e s e n t  unders tand ing .  With b o t h  
a c c e l e r a t i o n  and the rmal  e f f e c t s  accounted f o r  i n  t h e  p robe  u s e d ,  t h e  
phenomenon of t h e  i n i t i a l  h i g h  p r e s s u r e  p u l s e  is  reconf i rmed.  The be- 
h a v i o r  of  t h e  p u l s e  i s  i n i t i a l l y  t h a t  of a b l a s t  wave. A d e t a i l e d  con- 
s i d e r a t i o n  of t h i s  f low r e g i o n  is  r e c e i v i n g  f u r t h e r  a t t e n t i o n  and w i l l  
n o t  b e  ci iscussed f u r t h e r  h e r e ,  P r e v i o u s  e f f o r t s  ( r e f s .  4 ,  2) have iden- 
t i f  ied 1.uminosity w i t h i n  t h i s  r e g i o n  b u t  on ly  weak i o n i z a t i o n ,  which 
a g r e e s  w i t h  a  b l a s t  wave i n t e r p r e t a t i o n .  A f t e r  t h e  i n i t i a l  p u l s e ,  t h e  
v a r y i n g  p r e s s u r e  n o t e d  i s  plasma r e l a t e d  as d e s c r i b e d  i n  r e f e r e n c e  6 .  
The average number d e n s i t y  d u r i n g  t h e  plasma p e r i o d  i s  approximately  con- 
s t a n t  acd on t h e  o r d e r  of lo2' p a r t i c l e s  p e r  c u b i c  m e t e r .  The o c c u r r e n c e  
of l o c a l  c u r r e n t  f low i n  t h e  exhaus t  f i e l d  has  been i d e n t i f i e d  by 
Regovski loops  ( r e f .  4 ) .  T h e  o n s e t  of s u b s t a n t i a l  c u r r e n t s  o c c u r s  approx- 
i m a t e l y  50 psec a f t e r  t h e  i n i t i a l  p u l s e  passage .  
With no a p p l i e d  magne t ic  f i e l d ,  and u s i n g  t h e  d a t a  p r e s e n t e d  i n  f i g -  
ure 4 w i t h  t h e  assumption of f u l l  i o n i z a t i o n  and Newtonian impact  t h e o r y ,  
p a r t i c l e  v e l o c i t i e s  of 3 . 7 ~ 1 0 ~  m/sec f o r  t h e  11 .2  kA peak c u r r e n t  c a s e  
and 5.7*104 rnlsec f o r  t h e  20 kA peak c u r r e n t  c a s e  are c a l c u l a t e d  a t  t h i s  
a x i a l  s t a t i o n  ( Z  = 30 cm). With a p p l i e d  magnet ic  f i e l d  i n c r e a s e d  t o  
I arid 2 t e s l a ,  t h e  number d e n s i t y  from Thomson s c a t t e r i n g  was s e e n  i n  
r e f e r e n c e  2  t o  d e c r e a s e  a lmost  an o r d e r  of magnitude.  Cor responding ly ,  
t h e  impact p r e s s u r e  i s  a l s o  s e e n  t o  d e c r e a s e ,  b u t  on ly  by f a c t o r s  of 
about  2,0, Thus,  t h e  a p p l i e d  f i e l d  appears  t o  produce a  more r a r e f i e d  
y e t  h i g h e r  v e l o c i t y  plasma f low,  
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F igure  3. - Cold gas p ressure  (R = 0, z = 30 cm) 
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F igure  4. - Total p ressure  traces (2-trace overlays). 
